Ferroelectric HfO 2 film has garnered a lot of attention lately due to unique features that cannot be achieved with conventional ferroelectric materials. The ferroelectricity of HfO 2 originates from the metastable orthorhombic phase, which does not appear in the phase transition sequence of HfO 2 in ambient pressure. This review introduces our recent research on HfO 2 -related ferroelectrics. The ferroelectric orthorhombic phase was achieved with Hf 0.5 Zr 0.5 O 2 metalorganic chemical vapor deposition, and obtained by intermediate thermal treatment conditions with low-and high-thermal budget yield in the tetragonal and monoclinic phases, respectively. Furthermore, ferroelectricity was enhanced with the aid of compressive strain, as elucidated by a study using various substrates with different thermal expansion coefficients. Epitaxial films were successfully grown by quenching of a YO 1.5 HfO 2 solid solution. This epitaxial film revealed that HfO 2 -related ferroelectrics are good candidates for future integrated application because their ferroelectric properties are comparable to conventional ferroelectric materials.
Introduction
Ferroelectric materials are one of the most important electroceramic materials because of their outstanding dielectric properties and electromechanical responses.
1)3)
It is no exaggeration to say that perovskite-type ferroelectrics and related materials are currently the focus of intense interest in both the industrial and scientific fields. However, it is widely recognized that perovskite materials show deterioration with downsizing, decreasing particle size, or film thickness. This serious issue makes it difficult to process them into integrated devices. 4) In particular, the incompatibility of perovskite-type ferroelectrics with semiconductor technologies has not been surmounted, and as yet there are a few applications that use ferroelectric thin films. Nevertheless, novel ferroelectric devices such as ferroelectric tunnel junctions, 5),6) piezotoronic transistors, 7) , 8) and negative capacitance transistors 9),10) are of interest. Therefore new ferroelectric materials that are proof against scaling (i.e., have high compatibility with semiconductor technologies) are in high demand.
HfO 2 ferroelectric materials have been reported by Böscke et al.
11 ) The most remarkable features of these materials are their simple chemical composition and thermodynamic stability, which lead to high compatibility with Si-based semiconductor technology. 12),13) HfO 2 -based materials are, indeed, utilized as dielectric layers instead of conventional silicon oxides layers in current field-effect transistors due to their higher dielectric constant. 14) 16) This means mature fabrication processes are available for highly integrated ferroelectric devices using ferroelectric HfO 2 materials. Several pioneering demonstrations of ferroelectric devices for both capacitor-type ferroelectric memories and ferroelectric field-effect transistors have been reported. 17 In general, ferroelectricity is in many cases associated by structural phase transition to a lower symmetric polar phase from a higher symmetric polar phase (it is generally difficult to switch polarization of materials without a phase transition by external electric field). The ferroelectricity in HfO 2 (and ZrO 2 ) stems from the polar (and of course noncentrosymmetric) orthorhombic phases (see Fig. 1 ). ZrO 2 and HfO 2 undergo successive structural phase transitions. The monoclinic baddeleyite, tetragonal, and cubic fluorite phases shown in Fig. 1 , which appear by the successive phase transitions, have been well studied. They have an inversion center that does not show ferroelectricity.
On the other hand, the orthorhombic phase in ZrO 2 and HfO 2 is less studied. This phase in ZrO 2 and HfO 2 is known to be produced by chemical substitution with MgO, CaO, and Y 2 O 3 , or by exposure in ambient high pressure. 34 )37) However, obtaining a pure orthorhombic phase by alloying and quench it into normal pressure remains challenging, and there have been no studies about its electric properties using bulk bodies and powders. In addition, several orthorhombic phases belonging to different space groups have confused the issue. 34) Of three reported orthorhombic phases, only one has a non-centrosymmetric phase, and the crystal structures of these phases are quite similar except for the arrangement of oxygen atoms. It is difficult to distinguish between them, particularly by the X-ray diffraction method.
Ferroelectricity in HfO 2 -based materials is prepared by chemical doping with Zr, Si, Al, Y and many other metal elements using various deposition techniques, including atomic layer deposition (ALD), 38) 59) In many cases, the orthorhombic ferroelectric HfO 2 phase was found in intermediate conditions between the production of the tetragonal and monoclinic phases. 41) The most intensively studied system is HfO 2 ZrO 2 solid solutions prepared by ALDs, because they show ferroelectricity in a wide chemical composition range. Meanwhile, ALD is a standard fabrication process for dielectric layers in state-of-the-art semiconductor technologies. Combining these two factors, it is believed that the HfO 2 ZrO 2 solid solution system is the most reasonable choice for obtaining ferroelectricity stably. Another well-studied system is the Y-doped HfO 2 system, which is similar to the Y-ZrO 2 systems familiar to ceramists. This system has also been studied with various deposition methods including ALD, sputtering, CSD and PLD. 40 41) This study shows that the wide value range from 0.30.7 had significant remanent polarization, while pure HfO 2 (x = 0) and ZrO 2 (x = 1) have little polarization. The remanent polarization peaked at x = 0.5. The different polarization values observed in the study are explained by the different volume fraction of the ferroelectric phase. Interestingly, HfO 2 and ZrO 2 are mainly composed of different crystal structure, and monoclinic and tetragonal phases, respectively. In other words, the crystal phase changes from monoclinic to tetragonal through orthorhombic phases as x increases, and the volume fraction of the orthorhombic phases is maximized at x = 0.5. In addition, tetragonal ZrO 2 exhibits a double hysteresis loop due to a field-induced phase transition, which is often observed in antiferroelectric materials. 41) Another key feature of HfO 2 ZrO 2 ferroelectrics is the narrow thickness within which it is possible to obtain ferroelectricity. This system, including pure HfO 2 and ZrO 2 , is known to show marked thickness dependence. 60 )62) As a result, ferroelectricity disappears with thicker (or sometimes thinner) films.
From the viewpoint of bulk ceramics, the monoclinic phase is the most stable at normal pressure and room temperature for both HfO 2 and ZrO 2 . As Hf 1¹x Zr x O 2 systems are complete solid-solution systems, the monoclinic phase is stabilized for the entire composition range. 63) Therefore, the stabilization in other metastable phases, orthorhombic and tetragonal in this case, is due to other factors, which it is crucial to investigate. This section introduces our research with respect to this issue.
Effect of thermal treatment condition for
Hf 0.5 Zr 0.5 O 2 films
As in many cases, HfO2-based ferroelectric materials have generally been deposited at low temperature and crystalized by thermal treatment at high temperature. Hence, it is considered that the thermal treatment conditions impact the appearance of phases. Hf 0.5 Zr 0.5 O 2 was chosen because it is expected to exhibit large ferroelectricity. Hf 0.5 Zr 0.5 O 2 was deposited on an Ir-coated Si substrate using MOCVD techniques. Hf(NMe 2 )(C 8 H 17 N 2 ) (Tosoh Co.) and Zr(NMe 2 )(C 8 H 17 N 2 ) (Tosoh Co.) were supplied alternately by N 2 gas carrier as Hf and Zr sources, respectively. During the deposition, substrate temperature and chamber pressure were maintained at 350°C and 4 Torr, respectively. Thermal treatments were carried out with a rapid thermal annealing furnace at various temperatures and duration times.
Figure 2(a) shows X-ray diffraction (XRD) patterns for heat-treated samples at various temperatures from 550 750°C for 10 min, together with the as-deposited film. 
JCS-Japan
Grazing incidence X-ray diffraction (GIXRD) was employed to acquire diffractograms. The XRD pattern for the as-deposited film shows no clear peaks, suggesting that the film was amorphous. The XRD pattern for the film treated at the lowest temperature of 550°C shows that film was sufficiently crystalized even at this temperature. The strongest peak at around 30.9°is attributed to the orthorhombic or tetragonal 111 peak (note that doubled cells are employed here for ease of understanding), while that at around 31.6°is ascribed to the monoclinic phase. The peak from the monoclinic phase becomes much stronger with an increase in treatment temperature. In addition, the peak from the orthorhombic and tetragonal phases shifted toward lower angles as treatment temperature increased.
The 111 lattice spacing of the orthorhombic phase is larger than that of the tetragonal phase according to a previous study, 41) , 64) and this peak shift indicates the phase change from tetragonal to orthorhombic phase. Figure 2(b) shows the treatment temperature dependence of the PE hysteresis loop. Films treated at 650°C showed the largest remanent polarization of around 12¯C/cm 2 . This treated temperature dependence may be understood by considering the following. Deposited film crystalizes in the tetragonal phase, and finally transforms to the most stable monoclinic phase. The orthorhombic phase appears as the intermediate state between the initial tetragonal nuclei and the stable monoclinic grain. Similar results were obtained by changing treatment duration at the fixed temperature of 650°C. In that case, shorter duration yielded the tetragonal phase and longer duration the monoclinic phase, while intermediate duration produced the orthorhombic phase with the largest remanent polarization. Note that the tetragonal and monoclinic phases are known to have the highest and lowest dielectric constant, respectively. Thus, the dielectric constant tends to decrease with the increase in thermal budget. Figure 3 schematizes the process of the thermal treatment.
It should be pointed out that the constituent phases of the Hf 1¹x Zr x O 2 films strongly depend on particle size from both an experimental and theoretical viewpoint. 65)67) This effect is explained by the difference in surface energy, which is an additional term of free energy. In a previous study for small particle ZrO 2 , 68),69) the crystal phase was found to change to a higher symmetry phase such as the tetragonal phase. Our study follows this scenario; i.e., the progress of the crystallization produces the growing particle size, changing the stability of the crystal phases. The ferroelectric phase appears as an intermediate state. Capping and annealing, which is the thermal treatment for the sandwiched film by top and bottom electrodes, are often utilized to obtain ferroelectricity in HfO 2 -based materials, since mechanical encapsulation is reported to suppress the generation of the monoclinic phase. 11),41), 42) This means that one can take advantage of mechanical Journal of the Ceramic Society of Japan 126 [9] To produce systematic strain for the films, we used various substrates with different thermal expansion coefficients. In-plane transformation of films deposited on substrates is strongly constrained. Due to this mechanical condition, films crystalized at high temperature are subjected to strain during cooling to room temperature because of the difference in the thermal expansion coefficient between films and substrates. We prepared the Pt-coated Si, fused-silica (SiO 2 ) glass, and CaF 2 . The bottom Pt electrodes were deposited by sputtering. SiO 2 glass and Si substrate have a small thermal expansion coefficient, while CaF 2 has a large one. As a result, after thermal deposition, the films on the SiO 2 glass and Si substrate were expected to be subjected to tensile strain, while the film on CaF 2 experienced compressive strain upon cooling, as illustrated in Fig. 4(a) . Figure 4 (b) shows the in-plane XRD pattern measured with a synchrotron X-ray source for Hf 0.5 Zr 0.5 O 2 films on SiO 2 glass, Si, and CaF 2 substrates. All peaks in the XRD pattern from both the Hf 0.5 Zr 0.5 O 2 and Pt electrode drifted toward a higher angle with the increase in thermal expansion coefficients of the substrates, indicating that strains were induced into the film, as planned. Figure 4(c) shows the PE hysteresis loops measured on these films. Significantly large remanent polarization was achieved in the film on the SiO 2 glass with the smallest thermal expansion coefficient. On the other hand, we found hardly any remanent polarization for the film on the CaF 2 substrate with the largest thermal expansion coefficient. Figure 4(d) shows the remanent polarization as a function of induced strain calculated from peak positions of monoclinic 11-1 in XRD patterns. This clearly shows that tensile strain produces large remanent polarization.
This tendency is hardly explained by the simple intensity fraction of the monoclinic and orthorhombic/tetragonal peaks in XRD, because a significant amount of the monoclinic phase appears in the XRD pattern for the film on the SiO 2 glass exhibiting the largest polarization. The previous study had demonstrated that compressive strain is advantageous to stabilize the orthorhombic phase, and that tensile strain favors the monoclinic phase from firstprinciples density functional theory calculations. 70) Our strain effect can possibly be understood by taking note of the transformation from tetragonal to orthorhombic phases. Since the orthorhombic phase has larger unit cells, tensile strain, which in general expands unit cell volume, favors the orthorhombic phase rather than the tetragonal. On the other hand, compressive strain in the case of the film on CaF 2 phase prevents transformation to the orthorhombic phase from the tetragonal. Similar considerations have been employed for Zr-rich Hf 1¹x Zr x O 2 films.
62)

Epitaxial Y-HfO 2 films
It is quite important to investigate crystal structure in ferroelectric materials because it is the change of a crystal structure into a polar structure that imparts ferroelectricity. To investigate crystal structure, a study with a single crystal is one of the most suitable. However, most of the studies for ferroelectric HfO 2 -based ferroelectric materials have utilized polycrystalline films, due to their fabrication process and stacking structure on Si. The more appropriate way to approach fundamental information is by growing epitaxial films. Epitaxial films are defined as thin films with a highly ordered atomic arrangement that follows the substrates or seed crystals. As a result, epitaxial films have well-defined orientation along both the out-of-plane and in-plane directions.
To obtain the epitaxial film, the substrate must have a similar crystal structure and lattice parameters. Fortunately, yttria-stabilized zirconias (YSZ) are commercially available at a relatively low cost, and they have a parent cubic fluorite structure of HfO 2 -based ferroelectric materials. Another issue in growing epitaxial films is the composition of the films. It has been demonstrated that doping with several metals can provide ferroelectricity in HfO 2 films. It is considered that HfO 2 ZrO 2 -based films are less appropriate choices because their stable phase is the monoclinic phase, even in polycrystalline films as previously mentioned. It is not expected that the surface Shimizu: Ferroelectricity in HfO 2 and related ferroelectrics JCS-Japan energy will be helpful, because epitaxial film has smaller interfaces than polycrystalline film, which has more grain at the boundary.
We therefore selected YO 1.5 substituted HfO 2 systems, because the ferroelectricity in these has been achieved by various deposition techniques. 40 ),49),50), 53) In addition, it has been reported that the orthorhombic phase was achieved using quenched powder from arc-melt solvent, although there was no discussion of ferroelectricity. 71) It is known that the YO 1.5 HfO 2 pseudo binary system is not a complete solid-solution system, but shows the wide phase coexistence region as an analogue to well-known YO 1.5 ZrO 2 systems. Our assumption was that the quenching solid solution might produce an orthorhombic ferroelectric phase by the growth of thin film, epitaxial film in this case, which is known to make solid solution over the solubility limit. 72 ), 73) Epitaxial YO 1.5 substituted HfO 2 films were grown using the PLD method on (110) YSZ substrate. Handmade 7% YO 1.5 substituted HfO 2 (YHO-7) ceramics were used as the target materials. Before deposition of YHO-7, we grew Sn-doped In 2 O 3 (ITO) as a bottom electrode, which was reported to be grown epitaxially on an YSZ substrate. An (110) YSZ substrate was chosen because YHO-7 films tend to grow along the non-polar direction on the (100) YSZ substrate with an ITO layer. Figures 6(a) and 6(b) shows the PE hysteresis loop and saturation curves measured on the Pt/YHO-7/ITO/ (110)YSZ capacitor. A remanent polarization of 16 C/cm 2 and coercive field of around 2.0 MV/cm were obtained. Spontaneous polarization was estimated to be 45¯C/cm 2 by taking the possible domain structure into account. This value shows excellent agreement with the theoretical value from first-principles calculations by Crima et al. 74) The observation indicates success in epitaxial growth of ferroelectric HfO 2 -based films by the strategy of quenching a solid solution of YO 1.5 HfO 2 .
Curie temperature is also important, since it determines the actual operating temperature. Figure 6(c) shows the temperature dependence of the integrated intensity of the 110 peak. The intensity decreases with increasing tem- 
54)
Journal of the Ceramic Society of Japan 126 [9] 667-674 2018 JCS-Japan perature. The peak disappeared at around 450°C, indicating phase transformation from the orthorhombic to the centrosymmetric tetragonal phase, suggesting that the temperature is the Curie temperature. This temperature is significantly high compared to other conventional perovskite-type materials. Figure 6(d) plots the spontaneous polarizations with respect to the Curie temperature for the YHO-7 from the present results, and other ferroelectric materials from the literature. This figure shows that the YHO-7 films are compatible in fundamental properties to other conventional perovskite-type or perovskite-related ferroelectrics, and a promising candidate for future integrated applications considering its high compatibility with semiconductor technologies.
Summary
In this review, we presented our recent results on HfO 2 -related ferroelectrics. First, we showed that polycrystalline HfO 2 ZrO 2 films exhibit ferroelectricity by adapting thermal conditions. The orthorhombic ferroelectric phase appears as an intermediate state through tetragonal primary nuclei from the stable monoclinic phase. Systematic strain was imposed by using substrates with various thermal expansion coefficients. Tensile strain provides large ferroelectricity in Hf 1¹x Zr x O 2 films, although it favors the monoclinic phase. This can be explained by considering that the tensile strain possibly facilitates (or compressive strain suppresses) the phase transition from tetragonal to orthorhombic phases.
Finally, we grew epitaxial films by freezing YO 1.5 HfO 2 solid solution using the PLD technique. Furthermore, we clarified that ferroelectric properties such as spontaneous polarization and Curie temperature were comparable to conventional ferroelectric materials. This means that HfO 2 -related materials are semiconductor-compatible alternatives of conventional ferroelectrics. We still had demonstrated uniaxial-oriented films on an Si substrate by local epitaxy the growth of epitaxial film by deposition at room temperature, and subsequent thermal treatment, and to elucidate the space groups by scanning epitaxial film and with transparent electron microscopy.
Ferroelectric HfO 2 films are now being intensively studied. These studies have been enhancing our understanding of ferroelectric nature, and have revealed various novel applications for these materials. Although, several issues remain, we expected that HfO 2 -related ferroelectric materials will conquer, and be leading players of ferroelectric materials.
